a r t I C l e S Axons navigate in a complex and changing environment to establish connections with their targets. Chemotropic cues in this environment attract and repel growing axons 1,2 , and growth cones must modulate their responsiveness en route to avoid stalling at attractive intermediate targets or invading non-targets. Growth cones of commissural neurons in the vertebrate spinal cord, for example, are initially attracted to Netrin-1 and unresponsive to Slits, but, after crossing the midline (an intermediate target), they become unresponsive to Netrin-1 and repelled by Slits 3,4 . Similarly, RGC axons change their responsiveness to several cues as they advance along the pathway 5-7 with growth cones initially showing attraction to Netrin-1 and neutral responses to repellents (Sema3A and Slit2) and later gaining sensitivity to repellents and switching the polarity of their response to Netrin-1. This developmental regulation helps to match growth cone sensitivity appropriately with pathway stimuli and thereby ensures correct navigation.
a r t I C l e S Axons navigate in a complex and changing environment to establish connections with their targets. Chemotropic cues in this environment attract and repel growing axons 1, 2 , and growth cones must modulate their responsiveness en route to avoid stalling at attractive intermediate targets or invading non-targets. Growth cones of commissural neurons in the vertebrate spinal cord, for example, are initially attracted to Netrin-1 and unresponsive to Slits, but, after crossing the midline (an intermediate target), they become unresponsive to Netrin-1 and repelled by Slits 3, 4 . Similarly, RGC axons change their responsiveness to several cues as they advance along the pathway [5] [6] [7] with growth cones initially showing attraction to Netrin-1 and neutral responses to repellents (Sema3A and Slit2) and later gaining sensitivity to repellents and switching the polarity of their response to Netrin-1. This developmental regulation helps to match growth cone sensitivity appropriately with pathway stimuli and thereby ensures correct navigation.
The timetable of changes in growth cone sensitivity can be remarkably precise, much like other aspects of neuronal differentiation, raising the question of how it is controlled. Whereas evidence in spinal cord commissural neurons favors extrinsic midline-mediated control of growth cone sensitivity 3, 4, 8 , in RGC axons, the developmental changes are primarily under intrinsic control. Pathway-naive RGC growth cones in vitro, for example, show the same program of changes in cue sensitivity, polarity switching and receptor expression and with a similar timetable as pathway-experienced growth cones in vivo 5, 6 . These findings point to the involvement of an intrinsic molecular clock, or 'linear timer' . Such timers regulate the linear progression of serial events in these postmitotic neurons and could serve to synchronize the sensitivity of advancing growth cones with their changing environment. Whereas much is known about the molecular basis of cyclical clocks that control repetitive processes such as the cell cycle and somite segmentation 9, 10 , little is known about linear timers that control the sequential program of cell differentiation.
miRNAs are emerging as key molecules regulating the linear timing of developmental events in Caenorhabditis elegans [11] [12] [13] and vertebrates 14 . miRNAs are small, noncoding RNAs of ~22 nucleotides that pair to the 3′ untranslated region (UTR) of target mRNAs to repress their expression by inducing either their degradation or translational repression 15 . Of interest, several miRNAs have been reported to be specifically distributed within the nervous system, including in differentiating neurons 16, 17 . Thus, miRNAs are prime candidate regulators of growth cone age-related changes. We have therefore investigated whether miRNAs contribute to the intrinsic temporal regulation of growth cone responsiveness to Sema3A. We identify miR-124 as a strong candidate in RGCs, on the basis of developmental miRNA profiling of different age retinas and in situ hybridization (ISH). Using a loss-of-function approach, we demonstrate that miR-124 regulates the onset of growth cone responsiveness to Sema3A. Moreover, we show that miR-124 acts by targeting the mRNA encoding CoREST (alternative name, rcor1), a known cofactor of REST (repressor element 1 silencing transcription factor), which in turn represses transcription of NRP1, encoding a Sema3A receptor. We propose that in normal development miR-124 causes the upregulation of NRP1 and the onset of sensitivity of growth cones to Sema3A, which is essential for normal axon guidance.
RESULTS miRNA profiling identifies miR-124 as candidate timer
To determine which miRNA(s) might be involved in RGC growth cone aging, we identified the repertoire of miRNAs in Xenopus RGCs.
a r t I C l e S
We first profiled miRNAs in stage 40 retinas, when most RGCs have already been born, using Illumina sequencing, which detected 51 miRNAs at stage 40 ( Fig. 1a) . Previously identified timer miRNAs, including orthologs of miRNAs shown to regulate developmental timing in C. elegans 18 (let-7a-i, miR-98, miR125a and miR-125b), were either absent or were not among the most abundant miRNAs in the retina (Fig. 1a) . ISH analysis of the distribution of the most abundant (>1,000 reads) miRNAs showed miR-124, miR-130b, miR-182 and miR-183 in the neural retina (Fig. 1b) , whereas miR-184 and miR-1a were detected solely in extra-retinal tissues ( Supplementary  Fig. 1 ). miR-124 and miR-130b were the only two to be detected in RGCs, although they were also present in other retinal cells (Fig. 1b) . miR-130b, however, was found to be ubiquitously distributed in all cells of the Xenopus head, whereas miR-124 was present exclusively in postmitotic neurons (Fig. 1b) , in agreement with mammalian studies 19, 20 . These initial results, therefore, identified the neuronspecific miR-124 as a candidate of interest.
We reasoned that a linear timer would be expected to show progressive changes in expression with time, as shown for miRNAs involved in developmental timing [11] [12] [13] 18 . Therefore, we next quantified miR-124 expression at three developmental stages (24, 32 and 40) that span the period of cell proliferation and RGC differentiation, including axon initiation, elongation and guidance. Pioneer RGC axons reach the optic chiasm at stage 32, arrive at the tectum at stage 37/38 and have arborized by stage 40 to form functional visual connections 21 .
As determined by Illumina sequencing analysis, we found that miR-124 increased over the three stages analyzed (Fig. 1c) by a factor of 1.33 between stages 24 and 32, and by a factor of 1.64 between stages 32 and 40. ISH confirmed this temporal regulation (Fig. 1d,e) . A miR-124-associated signal was faintly present at stage 24 in the presumptive neural retina, brain and spinal cord, and the intensity of the signal in these tissues increased at stage 32, then further at stage 40 ( Fig. 1d,e) . This progressive increase was particularly evident in the neural retina, including RGCs (Fig. 1e) . miR-124 expression did not seem to change after stage 40, when axons have started to arborize (data not shown).
miR-124 knockdown does not alter RGC differentiation
We next investigated whether miR-124 is implicated in RGC growth cone age-related changes, using a loss-of-function approach. miR-124 is a highly conserved miRNA expressed by only one gene in Xenopus tropicalis and is the sole member of its family (miRBase release 16) 22 . We therefore designed a miR-124 morpholino antisense oligonucleotide, 23 , and because miR-124-MO was introduced before miR-124 was expressed, the absence of an endogenous miR-124 signal likely reflected the absence of mature miR-124. Although miR-124 is abundant and highly specific to postmitotic neurons 16, 17, 20 , we detected no gross morphological phenotype in the miR-124 morphant (Supplementary Fig. 2 ).
We first examined whether miR-124 influences the general progression of RGC differentiation, which in turn might affect the intrinsic maturation of growth cones. Indeed, the exact role of miR-124 in differentiation is not clear 24 . We therefore counted differentiated RGCs at four developmental stages, from early RGC differentiation (stage 32) to maturation (stage 40), to determine whether miR-124 knockdown altered cell numbers. RGCs were identified as Islet-1 positive, Sox2 negative. The RGC layer is composed of RGCs and displaced amacrine cells, both of which are positive for Islet-1 (ref. 25) . Displaced amacrine cells are also positive for Sox2 (ref. 25) (Fig. 2b) . At all stages studied, the number of Islet-1 + Sox2 -RGCs was similar in miR-124 morphant and control retinas, indicating that miR-124 knockdown does not influence the general timetable of RGC differentiation (Fig. 2c,d) . We further assessed the timing of RGC cell differentiation using a different RGC maker, Brn3 (ref. 26) , and found no difference between the number of Brn3-positive cells in the RGC layer at stage 40 in miR-124 morphants and controls ( Fig. 2e and Supplementary Fig. 3a) . Finally, we investigated whether the timing of RGC neurogenesis was impaired. We incubated stage 27-28 embryos with a birthdating agent, 5-ethynyl-2′-deoxyuridine (EdU), when about half of the RGCs had been born and measured the number of EdU-positive, Sox2-negative cells in the ganglion cell layer (GCL) at stage 40 ( Fig. 2f and Supplementary Fig. 3b) . Again, no significant difference was found in the percentage of labeled RGCs in miR-124 morphant and control retinas. Although these results do not agree with reported evidence that miR-124 promotes neuronal differentiation in vivo 27, 28 , they are consistent with several other reports showing that the loss of miR-124 does not affect neuronal differentiation 29, 30 .
miR-124 knockdown delays onset of Sema3A sensitivity RGC axonal growth cones show intrinsic temporal regulation of cue sensitivity exemplified by the switching on of Sema3A-induced a r t I C l e S collapse responses and NRP1 expression several hours after axon initiation in neurons without pathway experience 5, 6 . We investigated whether the temporal regulation of this subcellular aspect of differentiation (growth cone cue sensitivity) was influenced by miR-124. We reasoned that if miR-124 acts as a timer, disrupting its function would induce either precocious or retarded cue responses. First we determined the normal time of onset of Sema3A sensitivity. We explanted embryonic retinal tissue at stage 24, before axonogenesis 21, 31 , to ensure de novo axon growth and tested the responsiveness of growth cones to Sema3A at various times using collapse assays. A significant increase in Sema3A-induced collapse response occurred within a 4 h time frame between 28 h (36% ± 3, s.e.m. collapse, equivalent to background collapse) and 32 h (65% ± 5) after plating. At 32 h a full collapse response was reached, as it did not significantly differ from that observed at later time points (40 h and 48 h) (Fig. 3a) . The gain in Sema3A sensitivity thus occurred abruptly between 28 h and 32 h. We next assessed whether the onset of Sema3A responsiveness was altered in retinal explants from miR-124 morphants (Fig. 3b) . At 36 h, a full collapse response was observed in control cultures (Fig. 3c) , but by contrast, miR-124 morphant retinal growth cones did not respond to Sema3A. At 48 h, miR-124 morphant RGC growth cones responded significantly (P < 0.001) to Sema3A (52% ± 9) compared to BSA control (21% ± 5), but the collapse response was significantly (P < 0.001) lower than that of control (co-MO) growth cones (79% ± 4; Fig. 3c) . At 64 h, a full Sema3A-mediated collapse response was observed in miR-124 morphants (72% ± 3) that did not differ significantly (P > 0.05) from that observed in co-MO controls (73% ± 3) (Fig. 3c) . The full collapse response was thus observed 32 h later than normal. Because miR-124 is absent until at least 72 hpf, when the delayed response begins, this indicates that miR-124 affects the timing rather than simple repression of responsiveness.
To test the specificity of the miR-124-MO phenotype, we performed rescue experiments using a miR-124 duplex, a mimic of endogenous double-stranded mature miR-124. We electroporated the miR-124 duplex into stage 24 eyes of embryos that had been injected with miR-124-MO at the eight-cell stage (Fig. 4a) . Sectioned material verified that the duplex-electroporated regions of retina positive for CAAXmCherry, a construct encoding the red fluorescent protein mCherry targeted to the plasma membrane by the CAAX box, showed strong ISH staining for miR-124 in an otherwise miR-124-negative morphant background (Fig. 4b) . This indicates that the electroporated duplex restored mature miR-124 to a substantial degree after morpholinomediated knockdown. Retinal explants cultured from eyes that were electroporated with high efficiency (assessed by mCherry fluorescence) with both the miR-124 duplex and miR-124-MO showed high Sema3A-induced collapse (64% ± 7) at 40 h in culture, similar to uninjected control growth cones at this time (Fig. 4c) . This response was significantly higher than that observed in miR-124 morphant growth cones, whether electroporated with control duplex (32% ± 2) or not (41% ± 5). The miR-124 duplex thus rescued the loss of Sema3A responsiveness observed in miR-124 morphants.
To determine whether miR-124 controls the onset of sensitivity to other cues, we examined two other repulsive cues, Slit2 and lysophosphatidic acid (LPA). Like Sema3A, collapse assays show that RGC growth cones gain responsiveness to Slit2 (refs. 6, 7) and LPA between 24 h and 48 h in culture (Supplementary Fig. 4a ). We observed full collapse with LPA and Slit2 in miR-124 morphant growth cones at 48 h (Supplementary Fig. 4b,c) . This contrasts with Sema3A, which induced significantly less collapse at 48 h in miR-124-MO growth cones (see above), and indicates that miR-124 does not regulate the onset of all repellent cue sensitivity.
miR-124 knockdown induces a delay in expression of NRP1 NRP1 is a Sema3A receptor, and its precocious overexpression in young Xenopus RGC growth cones, normally unresponsive to Sema3A, confers Sema3A sensitivity 6 . NRP1 is thus sufficient to induce Sema3A responsiveness. Therefore, we reasoned that miR-124 might alter Sema3A responsiveness by regulating the temporal expression of NRP1. To assess this, we compared NRP1 immunoreactivity in RGC growth cones using quantitative immunofluorescence.
The NRP1 signal intensity (mean pixel intensity per unit area) was significantly lower on average in stage 24 miR-124 morphant explants grown for 36 h and 48 h in culture than in controls (Fig. 5a,b) . Although most individual morphant growth cones showed weak NRP1 staining, we noted some variability, with occasional growth cones displaying high levels of NRP1 (Fig. 5c) . By 64 h, however, NRP1 had increased significantly (P < 0.001) compared to 36 h and 48 h, being on average lower than but not significantly different from controls (Fig. 5b) a r t I C l e S factor of two to four did not alter the change in NRP1 expression observed in miR-124 morphants ( Supplementary Fig. 5 ), indicating that the effect was not simply due to morpholino titration over time. This is consistent with the possibility that miR-124 regulates the temporal expression of NRP1 in growth cones. In addition, the data showed that NRP1 expression in miR-124 morphants reached control levels at a similar time to the onset of Sema3A responsiveness. The delay in NRP1 expression in miR-124 morphant growth cones is thus likely to underlie the concomitant delay in Sema3A sensitivity. Fig. 6 ) and the caudal midbrain 6 . We raised miR-124 morphant embryos until stage 40, when pioneer retinal axons have reached and terminated in the tectum 31 , and traced RGC axons by anterograde filling using the lipophilic dye DiI (Fig. 6a) . We found that a subset of RGC axons consistently failed to terminate in the tectum and, instead, continued to project ventro-caudally, often exiting the tectum at its ventral border (Fig. 6b) and aberrantly trespassing into the Sema3A domain (Fig. 6c) . This phenotype occurred in 67% of miR-124 morphant brains analyzed, but rarely (10%) in controls, (P < 0.05) and was characterized by a significant (P < 0.0001) 3.5-fold increase in the number of ectopic axons (Fig. 6d) . Measurement of the mean angle of deviation from the optic projection median showed that the mistargeting axons deviated by 90.1°, compared with 26.8° in control axons in the ventral tectal area (Fig. 6d and Supplementary Fig. 6 ). Long-range guidance through the optic tract did not seem to be affected. miR-124 morphant RGC axons thus showed errors at the ventral tectal border close to where Sema3A is expressed, suggesting a failure to respond to Sema3A in this area. Consistent with this, we found that NRP1 expression was significantly (P < 0.01) reduced by 50.2% ± 6.1 in miR-124 morphant RGC axons in vivo (Supplementary Fig. 7b,c) .
a r t I C l e S mid-optic tract, the ventral border of the optic tectum (Supplementary
To address whether this is a cell-autonomous phenotype, we knocked down miR-124 exclusively in retinal cells by electroporating antisense oligonucleotides (ASOs) (either morpholino or LNA knockdown probes) in one eye of stage 26 embryos, when the first RGCs start to differentiate 21, 31 (Fig. 7a) . We judged the knockdown of miR-124 to be effective, as ASO electroporated retinal cells were devoid of miR-124 signal by ISH at stage 40 ( Fig. 7b and Supplementary Fig. 8 ).
Pathfinding of miR-124 ASO-electroporated RGC axons was analyzed at stage 40. Again, retinotectal axons misprojected at the ventral tectal border (Fig. 7c-f ) like those in miR-124 morphants. The percentage of ectopic axons was approximately three times that in controls: 15% ± 2.9 miR-124 ASO-electroporated RGC axons aberrantly exited the ventral tectum, compared to 5% ± 1.4 in controls (Fig. 7g) . Time-lapse recording of elongating pioneer axons at stage 39/40 captured a few axons entering the tectum and then misprojecting beyond its ventral boundary (Fig. 7h) . Although a non-autonomous function of tectal miRNA-124 cannot be completely excluded, these data collectively suggest that miR-124 acts intrinsically in the retina to promote accurate targeting of RGC axons to the tectum.
miR-124 regulates responsiveness to Sema3A via CoREST
As miR-124 knockdown leads to the downregulation of NRP1 in the growth cone and as miRNAs generally repress the expression of their target mRNAs, miR-124 is likely to regulate NRP1 indirectly. We entertained the hypothesis that such regulation might occur through silencing of a repressive effector. Although little is known about the molecules regulating NRP1 expression, a recent study reported that the transcriptional repressor REST represses the expression of NRP1 in a human keratinocyte cell line, leading to a loss of sensitivity to Sema3A 32 . Of note, the 3′ UTR of REST's primary cofactor, CoREST, but not that of REST itself, has a predicted binding site for miR-124 (7mer-A1) that is highly conserved from Xenopus to human (Fig. 8a) .
We tested, therefore, whether the predicted miR-124-binding site in the CoREST 3′ UTR was sufficient for miR-124-mediated inhibition of expression, using a dual Renilla:firefly luciferase reporter assay (Fig. 8b) . miR-124, but not the control duplex, induced a 43% ± 2.6 decrease in the ratio of Renilla to firefly luciferase activity. By contrast, miR-124 had no significant effect (P > 0.05) on luciferase activity compared to control duplex when the seed of the miR-124 binding site in the CoREST 3′ UTR was disrupted by mutation to give a 3-nt mismatch (Fig. 8c) . Taken together, these results demonstrate that CoREST 3′ UTR-driven translation or stability is negatively regulated by miR-124.
We next assessed the developmental expression pattern of CoREST in the retina. If CoREST is a bone fide miR-124 target in vivo, it would be predicted to decline as miR-124 increases. Indeed, ISH analysis a r t I C l e S revealed a strong CoREST signal at stage 32 that decreased progressively to barely detectable levels in the RGC layer at stage 40, although a weak signal persisted in the inner nuclear layer (Fig. 8d,e) . Similar results were obtained with two riboprobes complementary to different regions of the CoREST coding sequence (data not shown). Moreover, a significant (P < 0.001) CoREST signal persisted in the RGC layer in miR-124 morphant retinas at stage 40 compared to that in co-MO controls (Fig. 8e,f) , indicating that miR-124 regulates CoREST mRNA stability in RGCs. High CoREST activity in RGCs when their axons enter the tectum would be predicted to repress NRP1. CoREST might thus act downstream of miR-124 to determine the time of onset of growth cone sensitivity to Sema3A. We therefore next examined whether CoREST, as a miR-124 target, is responsible for the altered Sema3A responsiveness seen in miR-124 morphants. If this is the case, knocking down CoREST in a miR-124 morphant should restore growth cone responsiveness to Sema3A. We thus knocked down both CoREST and miR-124 by morpholino microinjection and observed that this double knockdown led to the rescue of Sema3A responsiveness in stage 24 explants at 40 h (Fig. 8g) . Finally, we tested whether the CoREST-MO-induced rescue of Sema3A sensitivity in miR-124 morphants was due to a change in NRP1 abundance. Upon microinjection of CoREST-MO, the NRP1 signal intensity was significantly (P < 0.01) higher in miR-124-MO growth cones than in co-MO growth cones in stage 24 explants at 40 h (Supplementary Fig. 9 ). Together the findings support a model in which miR-124-mediated silencing of CoREST progressively leads to increased NRP1 expression and the concomitant induction of growth cone sensitivity to Sema3A (Fig. 8h,i) .
DISCUSSION
Growth cones change their responsiveness to cues en route to their target 3, 5, 33 , and, in Xenopus RGCs, this change seems to be regulated by an intrinsic clock of unknown mechanism 5 . Using a loss-of-function approach, we have demonstrated that miR-124 controls the timing of expression of NRP1 and thereby confers growth cone sensitivity to Sema3A at the right time and place during navigation. Our data also revealed that miR-124 promotes proper targeting to the tectum, consistent with a miR-124-mediated regulation of retinal growth cone sensitivity to this repulsive guidance cue. We identified CoREST as a miR-124 target and showed that it mediates miR-124's influence on growth cone aging. Taken together, these results indicate that miR-124 intrinsically regulates specific age-related changes in the behavior of growth cones and thus promotes accurate pathfinding.
Growth cone aging in Xenopus RGCs is characterized by intrinsic changes in the response to various cues and in the abundance of their cognate receptors over time 5, 6 . We have shown here that miR-124 affects the temporal change in growth cone responsiveness to Sema3A, but not to LPA or Slit2. This suggests that miR-124 does not act as a master timer regulating growth cone aging overall but rather as an auxiliary timer regulating only some aspects of the program of growth cone changes. Other molecules, perhaps other miRNAs, might act in concert with miR-124 to regulate other aspects of growth cone aging. 
a r t I C l e S
It is of interest that other miRNAs profiled in the Xenopus retina, such as miR-9, are also predicted to target guidance receptors that change over time. In addition, the temporally coordinated action of a set of miRNAs has been reported to control progenitor cell fate by silencing multiple targets in vertebrates 14 . Individual miRNAs may thus have a more restricted role in regulating developmental timing in vertebrates, as previously proposed 18 , than in Caenorhabditis elegans.
Our results revealed that knockdown of CoREST rescues the reduced Sema3A responsiveness of miR-124 morphant growth cones through a partial restoration of NRP1 to the growth cone. Therefore, it seems reasonable to infer that CoREST mediates miR-124's effect on the regulation of NRP1 and associated growth cone responsiveness to Sema3A. Of note, other validated miR-124 targets are present in RGCs 34 (Supplementary Table 1) , suggesting that miR-124 might affect additional pathways. Although none of these targets has been shown to be biologically linked to neuropilin-1 or CoREST function in neurons, we cannot rule out cross-talk between these potential miR-124 regulated pathways and CoREST-mediated regulation of NRP1 and growth cone sensitivity to Sema3A.
The loss of miR-124 did not lead to the sustained loss of NRP1 but to its delayed expression. miR-124 was absent from embryos until at least 72 hpf-similar to observations in zebrafish, where miR-124-MO induces complete knockdown of endogenous miR-124 until at least 72-96 hpf (ref. 23 ). This period spans the time frame for which we observed the resumption of growth cone sensitivity to Sema3A. In addition, the observed phenotype was not secondary to the morpholino being cleared from the RGCs. Thus NRP1 expression and Sema3A sensitivity are eventually switched on in the absence of miR-124, arguing for an effect on timing rather than simple recovery from repression through return of endogenous miR-124.
Our results showed that CoREST and miR-124 had opposite expression profiles in the retina over the same time period, such that 
CoREST decreased while miR-124 increased. In addition, miR-124 knockdown delayed the developmental decline in CoREST mRNA expression in the GCL. The miR-124-mediated post-transcriptional silencing of CoREST that we report here might thus be due to accelerated clearance of the remaining CoREST mRNAs in RGCs. We therefore suggest that miR-124, rather than acting as a simple off switch like C. elegans heterochronic miRNAs [11] [12] [13] , sharpens the window over which CoREST mRNA clearance occurs. Such interaction has been described for other developmental processes 15 , such as the miR-430-mediated accelerated degradation of maternal mRNAs in zebrafish 35 . Along these lines, we propose a model whereby the temporal increase of miR-124 over the period of RGC differentiation leads to the accelerated decay of CoREST expression, promoting, in turn, rapid NRP1 expression in growth cones, synchronizing the onset of Sema3A sensitivity with Sema3A encounters. Overall, the increase in miR-124 determines the time at which NRP1 is expressed above the level that is necessary for growth cones to show sensitivity to Sema3A in areas where Sema3A is expressed, such as the ventral tectal border. In absence of miR-124, this level would be reached later in development, desynchronizing growth cone sensitivity from exposure to Sema3A in the pathway (Fig. 8h,i) .
Previous studies have demonstrated a function for cue-induced local translation in axons and growth cones in guidance, with the main class of translated proteins identified as cytoskeletal regulators such as RhoA and β-actin [36] [37] [38] . Of interest, CoREST mRNA is present in RGC somata but not in growth cones throughout the period of pathfinding 34 . Similarly here, miR-124 appeared enriched in the cell soma and was only weakly detected in growth cones by ISH (data not shown). The increase in NRP1 at the growth cone may thus be a direct consequence of transcriptional de-repression and subsequent transport of the protein to this compartment. This possibility is supported by the recent findings that NRP1 mRNA is absent from RGC growth cones 34 . This is also consistent with other studies that show transcriptional control of guidance receptors in axons; for instance, Robo 39 . mRNAs encoding receptors for guidance cues such as neuropilin-2 (a receptor for Sema3F and Sema3C 40 ), activin and Eph receptors are detected in RGC growth cones 34 , and EphA2 has been shown to be translated in commissural axons 41 . This suggests a receptor and context-specific translational regulation in growth cones. Overall, this implies that miR-124-induced growth cone aging may be centrally and not locally regulated, and this central regulation might lead to progressive changes in the molecular makeup of the growth cone over time.
miR-124 knockdown resulted in the failure of a subset of RGC axons to stall at the ventral border of the tectum. The subtlety of this in vivo phenotype contrasted with the robust in vitro defect and likely reflects molecular redundancy. Several different guidance mechanisms combine to accurately guide axons to their targets in vivo, and retinal axons are guided by multiple cues to the tectum 42 . For instance, double but not single knockdown of Sema3A and Slit leads to a strong guidance phenotype of the retinotectal projection 43 . Similarly, in studies of retinotectal topography, a multiple-knockdown approach is needed to fully impair even a single mapping axis (for example, ref. 44) . As miR-124 affects the responsiveness to Sema3A but not to the repulsive tectal cue Slit or LPA, repulsive action of other cues likely contributes to the subtle phenotype reported in our study. The axons that project erroneously out of the tectum originated from axons positioned very close to the Sema3A domain that borders the ventral tectum, and these axons may be particularly vulnerable because they may rely more heavily on Sema3A than other cues at this point in the pathway.
Despite its subtlety, the in vivo targeting defect is consistent with the possibility that miR-124 morphant RGC growth cones are not appropriately repelled by Sema3A owing to delayed NRP1 expression. This is supported by our findings that upregulation of NRP1, and concomitant growth cone responsiveness to Sema3A, was delayed and NRP1 abundance was significantly lower in most miR-124 morphant RGC growth cones than in controls, at an in vitro stage corresponding to stage 40 in vivo, and in stage 40 RGC axons in vivo. Overall, miR-124 might ensure that RGC growth cones express sufficient NRP1 to enable an adequate repulsive response to tectal Sema3A at the right time, and targeting of axons in the tectum. miR-124 would thus regulate axon guidance. A previous report 45 revealed that miRNAs, as a class of molecule, are involved in axon guidance in the developing visual system. However, the miRNA(s) responsible for this phenotype were not identified. In addition, the study did not prove that the phenotype was directly caused by lack of miRNAs in RGCs. The present work is thus, to our knowledge, the first report demonstrating that a specific miRNA directly regulates axon pathfinding.
In summary, we provide evidence that miR-124, through the direct repression of CoREST, specifically and intrinsically regulates the timing of NRP1 expression, ensuring that the onset of growth cone responsiveness to its cognate ligand, Sema3A, occurs at the right time in the development of the optic pathway. miR-124 thus contributes to the intrinsic regulation of Xenopus RGC growth cone aging and thereby ensures proper axonal targeting to the tectum. Our findings further suggest that, by acting as a cellular timer in RGCs, miR-124 is important in synchronizing the responsiveness of RGC growth cones to relevant cues in their local microenvironment.
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